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Abstract—The present research focus on optimization of
Friction Stir Welding (FSW) process parameters for joining
of AA6061 aluminium alloy using hybrid approach. The FSW
process parameters considered are tool rotational speed, welding
speed and axial force. The quality characteristics considered are
tensile strength (TS) and percentage of tensile elongation (TE).
Taguchi based experimental design L9 orthogonal array is used
for determining the experimental results. The value of weights
corresponding to each quality characteristic is determined by
using the entropy measurement method so that their importance
can be properly explained. Analysis of Variance (ANOVA) is
used to determine the contribution of FSW process parameters.
The confirmation tests also have been done for verifying the
results.
Keywords: friction stir welding, Taguchi method, grey relation
analysis, analysis of variance.
I. INTRODUCTION
HEAT treatable wrought aluminium-magnesium-silicon al-loy AA6061 has excellent welding characteristics over
the high strength aluminium alloys [1]. This type of alloys
extensively used in marine frames, pipelines, storage tanks
and aircraft applications. The welding defects such as large
distortion, solidification cracking, porosity, oxidation and other
defects are not observed in FSW compared to many of the
fusion welding processes that are generally used for joining
structural alloys [2].
Friction stir welding is solid state joining process, that
was invented at The Welding Institute (TWI), UK in 1991
[3]. The basic concept of FSW is simple in which a non-
consumable rotating tool, which consists of pin and shoulder
is inserted into the butting edges of plates Figure 1, to be
joined and moved along the line of joint when the shoulder
touches the work-piece surface [4]. The effect of FSW process
parameters such as tool rotational speed, welding speed, tool
pin profile and axial force on weldment quality is the main
area for researchers [5] [6] [7]. In order to study the effect of
FSW process parameters, most of the researchers follow the
conventional experimental techniques, in which varying one
parameter at a time while other parameters are constant. This
conventional parametric design of experiment approach is time
consuming. In order to producing an excellent quality welded
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joint, it is necessary to optimize the process parameters. There
are various techniques to optimize the process parameters
for producing the best quality joint such as Taguchi method,
response surface methodology, grey relation analysis etc. Some
of the researchers (Lakshminarayanan et al.,; Rajkumar et al.;
Jayaraman et al.,; Gopalkrishnan et al.,; Rajkumar et al.,)
applied response surface methodology (RSM) for parametric
studies to joining of different materials by FSW [8] [9] [10]
[11] [12].
TM is an excellent statistical DoE based methodology
which improves the quality of product or process at low cost.
This method has been effectively applied by various industries
such as automobile, electronic, medicine and food processing
industries [13].Multi-objective optimization is more difficult
compare to single objective optimization problem. In multi
objective optimization, it is necessary which factor is more
important for deciding the performance of any process
[14]. Lakshminarayanann et al. applied Taguchi method to
investigate the effect of FSW process parameter on tensile
strength of FS welded RDE-40 aluminium alloy. Authors
observed that tool rotational speed is more significant process
parameter than welding speed and axial force [15]. Vijyan et
al. applied Taguchi method to optimization of FSW process
parameters for joining of Al-Mg alloy [16]. Kolraj et al.
used Taguchi method to optimization of process parameters
for joining of dissimilar AA2219 Al-Cu alloy and AA5083
Al-Mg alloy. Author found that the ratio between shoulder
diameter and pin diameter is more important factor for
deciding the quality of welded joint, pin profile and welding
speed are also significant factors [17].
Some researchers also tried to solve the problem of multiple
quality characteristics by the grey relation analysis (GRA).
In 1982, Deng first proposed GRA to fulfill the fundamental
mathematical criteria for dealing with a poor, unfinished,
and tentative system [18]. The methodology Taguchi-based
grey relation analysis approach transforms the all responses
into one index is known as grey relation grade Vijyan et
al. reported the optimization of FSW process parameter for
AA 5083 aluminium alloy with multiple responses based on
orthogonal array with grey relation analysis and found that
tool rotational speed is most significant process parameters
[19]. Kasam used TM with GRA method for dissimilar
AA6082 and AA7075 Al alloys and observed that WS is
highly important process parameter [20].
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Fig. 1. Friction Stir Welding Process
TABLE I. CHEMICAL COMPOSITION OF BASE MATERIAL
Material Mg Si Fe Cr Cu Al
6061-T6 0.92 0.6 0.33 0.18 0.25 Bal
TABLE II. MECHANICAL PROPERTIES OF AL ALLOY
Ultimate tensile
strength MPa
Yield strength
MPa
% of
Elongation
328 295 16
In the present research, Taguchi method is used for con-
ducting the experiments, and then grey relation analysis with
entropy measurement method is used for multi-objective op-
timization. ANOVA is also used for finding the percentage
contribution of FSW process parameter on one multiple ob-
jective. Tensile strength and tensile elongation are considered
as the quality characteristics.
II. TAGUCHI METHODOLOGY BASED EXPERIMENTATION
In this study 5 mm, thick plate of 6061-T6 aluminium alloy
was used as base metal. Chemical composition and mechanical
properties of base material are shown in Table I and Table II,
respectively. Welding was carried out in butt joint configuration
using vertical milling machine with special. From the previous
literature, the main parameters that have a greater influence on
mechanical properties are considered that are tool rotational
speed, welding speed and axial force. The main parameters
and their levels are summarized in Table III.
In traditional technique, selection of optimum level of pro-
cess parameters is very complicated, in which one parameter
is varied at a time and other parameters are kept constant. For
optimization purpose this techniques involves a large number
of experiments and more time consuming. To avoid these
problems design of experiment based Taguchi method can be
used for reducing the number of experiments. Taguchi has
TABLE III. INPUT PROCESS PARAMETERS AND THEIR LEVELS
Symbol Factors Unit Level
1
Level
2
Level
3
N Tool rotational
speed
RPM 800 1000 1200
S Welding speed mm/min 60 80 100
F Axial force kN 6 7 8
suggested various orthogonal arrays (OAs) for performing the
experiments. The OA is selected on the basis of the total degree
of freedom (dof) of all the input parameters. In the present
work, three input parameters and each having three levels so
total dof is (3-1)×3+1=7. As per Taguchi method the total dof
for the experiments must be less than or equal to the total dof
of selected OA. So an L9 OA having 8 (= 9-1) dof has been
selected for conducting the experiments [14]. The L9 OA and
coded value of parameters to these columns is summarized in
Table IV. ASTM E8 standard was used for prepared the tensile
test specimens. Tensile test was carried out in 25kN, servo
controlled universal testing machine at room temperature. The
experimental result based on L9 OA is given in Table IV.
Exp. no.
Coded value of process parameter Quality characteristics
N S F Tensile
strength
(MPa)
Tensile
Elonga-
tion
1 1 1 1 143 5.2
2 1 2 2 170 6.6
3 1 3 3 167 5.38
4 2 1 2 183 6.42
5 2 2 3 192 7.2
6 2 3 1 169 5.9
7 3 1 3 178 7.7
8 3 2 2 162 8.5
9 3 3 1 174 7.1
TABLE IV. CODED VALUE OF THE PROCESS PARAMETER AND
EXPERIMENTAL RESULT USING L9 ORTHOGONAL ARRAY
III. GREY RELATION ANALYSIS
In GRA firstly the experimental data are normalized in
zero to one range, and the process is called grey relation
generation. The normalization is computed using the following
equations:
Lower is the better (LB):
Y ∗i (j) =
maxYi(j)− Yi(j)
maxYi(j)−minYi(j) (1)
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Higher is the better (HB):
Y ∗i (j) =
Yi(j)−minYi(j)
maxYi(j)−minYi(j) (2)
where i = 1 , 2 ,m; j = 1 , 2 ,.n; Y ∗i (j) is the normalized value
of the jth quality characteristic in the ith experimental run,
Y0b(j) is the desired value of jth quality characteristic, Yi(j)
is the value of jth quality characteristics in ith ith experimental
run, max Yi(j) is the largest value of Yi(j) ,and min Yi(j) is
the smallest value of Yi(j) m is the number of experiments,
and n is the number of response. The grey relation coefficient
can be calculated by using the following equation:
ζ0i(j) =
∆min+ ζ •∆max
∆0i(j) + ζ •∆max (3)
where ζ0i(j) is the relative difference of jth element be-
tween comparative sequence Yiand reference sequence Y0 and
∆0i(j) are the absolute value of difference between Y0(j) and
Yi(j).
∆0i(j) =|Y ∗0 (j) - Y ∗i (j)|
∆max = maximaxj |Y ∗0 (j) - Y ∗i (j)|
∆min = miniminj |Y ∗0 (j) - Y ∗i (j)|
ζ is distinguishing or identification coefficient: ζ  [0,1].In
general, it is set to ζ= 0.5 [21].
Exp. no.
Comparability sequences Deviation sequences
TS TE TS TE
1 0.0000 0.0000 1.0000 1.0000
2 0.5510 0.4242 0.4490 0.5758
3 0.4897 0.5454 0.5103 0.9454
4 0.8163 0.3696 0.1837 0.6304
5 1.0000 0.6060 0.0000 0.3940
6 0.5306 0.2121 0.4694 0.7879
7 0.7142 0.7575 0.2858 0.2425
8 0.3877 1.0000 0.6123 0.0000
9 0.6326 0.5757 0.3674 0.4243
TABLE V. SEQUENCE OF EACH QUALITY CHARACTERISTIC AFTER
EXPERIMENTAL DATA PRE-PROCESSING
For calculating the grey relational grade, generally average
the grey relational coefficients values. However, in real life
situation the importance of each response may be different.
For solving this type problem, the grey relational grade is
calculated using entropy measurement.
Γ0i =
p∑
j=1
wjζ0i(j) (4)
Where i =1.......m,The weight (w(j),
∑
wj =1) for each qual-
ity characteristic can be calculated by using entropy method.
Thus, the following function we(x) can be used as the mapping
function in entropy measure:
we(x) = xe
1−x + (1− x)ex − 1 (5)
The maximum value of this function find at x=0.5, and the
value e0.5 -1 = 0.6487. Following steps are used to compute
the weight of each response is given below:
Sum of the grey relation coefficient in all sequences of each
quality characteristic:
Dj =
n∑
i=1
ζi(j) (6)
Where j=1.....p.
Normalized coefficient:
k =
1
(e0.5 − 1× n) =
1
0.6487× n (7)
Entropy each quality characteristic:
ej = k
n∑
i=1
we
(
ζi(j)
Dj
)
(8)
Total sum of entropy:
E =
p∑
i=1
ej (9)
Weight of each response::
wj =
1/p− E[1− ej ]∑p
i=1−E[1− ej ]
(10)
Exp. no.
Grey relation coefficient Grey relation grade Rank
TS TE
1 0.3333 0.3333 0.3333 9
2 0.5268 0.4647 0.4957 7
3 0.4949 0.3459 0.4204 8
4 0.7313 0.4423 0.5868 5
5 1.0000 0.5593 0.7796 1
6 0.5157 0.3882 0.7098 3
7 0.6363 0.6734 0.6548 4
8 0.4495 1.0000 0.7247 2
9 0.5764 0.5409 0.5586 6
Mean of grey relation grade = 0.5848
TABLE VI. GREY RELATION COEFFICIENT, GREY RELATION GRADE,
AND RANK FOR EACH EXPERIMENT
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IV. RESULT AND DISCUSSION
The performance friction stir welded joints is decided on
the basis of maximum value of tensile strength and tensile
elongation of welded joints. Tensile strength and tensile elon-
gation are selected higher is better type for normalization in
GRA approach. The normalized values of TS and TE are
given in Table V . The grey relation coefficient (shown in
Table VI ) of TS and TE was computed using equation (3). The
weight value of TS and TE has been found as 0.500003 and
0.499997, respectively using equation (6)-(10), next weight of
both responses has been used to compute the grey relation
grade by using equation (4). The grey relation coefficient
and corresponding grey relation grade for each experiment
are given in Table VI. It is clearly observed From Table VI
and Figure 2 it is found that experiment no. 5 has the best
performance for both responses TS and TE between the all
experiments.
Effects of FSW process parameter on grey relation grade
shown in Table VII. On the basis of maximum average grey
relation grade optimum parameter level has been found as
N2S2F3 , i.e., tool rotational speed at 1000 RPM, welding
aped at 80 mm/min and axial force at 8 kN.
Symbol
Parameters Average grey relation grade Max-Min
Level 1 Level 2 Level 3
N Tool rotational
speed
0.41646 0.69206a 0.64603 0.2756
S Welding speed 0.52496 0.66667a 0.56293 0.14171
F Axial force 0.53390 0.60240 0.61826a 0.08436
a optimum level of process parameter
TABLE VII. RESPONSE TABLE FOR GREY RELATION GRADE
Fig. 2. Percentage contributions of FSW process parameters for TS and TE
As listed in Table VII, the difference between the maximum
and minimum value of the grey relation grade of the FSW
process parameters are as follows: 0.2756 for tool rotational
speed, 0.14171 for welding speed, and 0.08436 for axial force.
The most effective parameter affecting quality characteristics
is determined by comparing these values. This comparison
will give the level of significance of the of the input process
parameters over the multiple quality characteristics. Here, the
maximum value is 0.2756 indicates that the tool rotational
speed has the strongest effect on the quality characteristics
among the other process parameters.
TABLE VIII. ANOVA FOR GREY RELATION GRADE
Symbol Parameters dof Sum of
squares
variance F
value
% of
contribution
N Tool
rotational
speed
2 0.130776505 0.065388252 10.84∗ 74.67
S Welding
speed
2 0.032285432 0.016142716 2.67∗ 18.43
F Axial force 2 0.012060399 - Pooled 06.90
Error - 2 - - - -
Pooled
error
- 2 0.012060399 0.006030199 - -
Total - 8 0.175122336 - - 100
∗ Significant at 95% confidence level
The result of ANOVA for grey relation grade have been
given in Table VIII, which also shows the tool rotational
speed is the most significant process parameter. The per-
centage of contribution of each process parameter is shown
inFigure 3.TRS and WS are largely contributed to the grey
relation grade.
Starting process parameter Optimal process parameter
Prediction Experiment
Level N1S1F1 N2S2F3 N2S2F3
Tensile
strength
(MPa)
143 - 193
Tensile
elon-
gation
(%)
5.2 - 7.4
Grey rela-
tion grade
0.3333 0.78131 8.000
TABLE IX. RESULT OF CONFIRMATION EXPERIMENT
A. Confirmation test
After the selection of optimum FSW process parameters
next is to predict the quality characteristic at optimal level
of process parameters. The estimated grey relation grade (Γe)
at optimum process parameters calculated using following
equation [21].
Γe = Γm +
k∑
i=1
(Γi − Γi) (11)
where Γm = total mean of grey relation grade, Γi = mean
of grey relation grade at the optimal level, and k is no. of
process parameters. The result of confirmation experiment has
been shown in Table IX. Tensile strength and tensile elongation
is increased from 143 MPa to 193 MPa, 5.2% to 7.4%.
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Fig. 3. Variation of grey relation grade with experiment number
V. CONCLUSION
Grey based Taguchi method has been used to optimize the
quality characteristics of FS Welded 6061 Al alloy in this
paper. From this study following conclusions are derived:
• On the basis of ANOVA results, tool rotational speed
is the most significant process parameter for whereas
welding speed and axial force is less significant process
parameters for grey relation grade.
• The optimum level of FSW process parameters are found
as N2S2F3, which means rotational speed at 1000 RPM,
welding speed at 80 mm/min, and axial force at 8 kN.
• The application of Taguchi-grey relation analysis
methodology has increased TS and TE by 35 % and
42%, respectively. Hence, it can be said that the pro-
posed methodology has been used to to solve the multi-
objective problem.
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